The two stars that form the subject of this paper are both short-period double-lined eclipsing binaries. They have non-circular orbits despite their short periods, both of which are very close to integral numbers of sidereal days (10.0015 and 9.0127 sidereal days respectively), making it difficult to achieve uniform phase coverage of the orbits from a single site in the short term.
Introduction
This paper presents orbits for two ninth-magnitude binary stars to which attention has been called by the discovery of eclipses. Both of them have proved to be spectroscopically double-lined, so their orbital elements possess particular significance by giving the masses directly. Another characteristic, rather troublesome, that the systems share is the close approximation of the period of each to an integral number of sidereal days.
HD 152028 is in Draco, about 1 / 4 of the way from ζ Draconis towards β Ursae Minoris; it was classified as type G0 in the Henry Draper Catalogue. It had attracted no attention whatsoever from astronomers until Hipparcos 1 discovered its eclipses, to which it attributed an incorrect period of 16.960 days; the normal magnitude was found to be 8 m .76. The Hipparcos discovery resulted in the assignment 2 of the variable-star designation GK Draconis. Very recently Dallaporta et al . 3 have published a photometric investigation that has identified the true period as 9.9742 days and has demonstrated that there are primary and secondary eclipses of virtually equal depths, 0 m .36, but somewhat different widths, 0.050 and 0.039 of the orbital period.
In addition there is 'photometric noise' that becomes less conspicuous during the secondary minimum and is accordingly attributed to the star that is being eclipsed at that phase; a 2.7-hour periodicity is identified, and the suggestion is made that the relevant component of the binary is a δ Scuti variable. The Hipparcos parallax is 0
′′
.00337 ± 0
.00069, corresponding to a true distance modulus of about 7 m .36 ± 0 m .5; even without allowance for interstellar absorption, the absolute magnitude must be as bright as +1 m .4 with the same uncertainty of 0 m .5 -much brighter than would be expected for a system with an integrated spectral type of G0 if it were a normal main-sequence pair. Hipparcos gives the (B − V ) colour index as 0 m .376, while
Dallaporta et al . 3 give it as 0 m .35; it is clearly too blue for a G0 type.
HDE 284195 (BD +21
• 605) is in Taurus, roughly midway between the Pleiades and the centre of the Hyades; at ninth magnitude, it was marginally too faint for inclusion in the original Henry Draper Catalogue but was picked up in the second volume of the Henry Draper Extension 4 , where it was classed G0. Like HD 152028, it came to attention only when it was discovered to be an eclipsing system; the discovery was made by Kaiser 5 , who initially gave its period as 3.176 days. Soon afterwards, Kaiser and five collaborators issued a correction to the period, explaining 6 that the orbit must be non-circular, since the secondary eclipse did not come at phase .5: the originally-supposed period of 3.176 days was actually the interval between the secondary eclipse and the ensuing primary one, the new value for the period being 4.49407 days. Later 
Radial velocities and orbits
No radial velocities are known to have been published for either star, although observations, where the quantity being observed varies continuously instead of only on rare excursions, offer a much more favourable basis for establishing periods. Accordingly it did not take long to recognize from the radial-velocity data that the true period of HD 152028 is very close to 10 days. It is only fair to remark here that, although radial velocities have the advantage over photometry in the initial discovery of a periodicity, the position is reversed once the approximate period is known: whereas radial velocities change gradually over the whole period, the suddenness of the onset and cessation of eclipses means that the whole photometric range is spanned in a small fraction of the period and gives photometry an advantage by a factor typically of 10-100 times in determining the exact value.
The HD 152028 system has continued under radial-velocity observation up to the time of writing of this paper, the total number of measurements available for the determination of the orbit being 50. They are set out in Table I . Although the orbital period is extremely close to the integral number of 10 sidereal days (= 9.9727 solar days), so close that the object comes to the meridian at virtually the same set of phases year after year, it has been possible to improve the phase distribution of the radial velocities by observing at different hour angles. That is facilitated by the high declination (+68 • ) of the object; HD 152028 is therefore circumpolar as seen from Cambridge (and indeed from latitudes all the way down to the Tropic of Cancer), and so can in principle be observed at any hour angle. In actual practice, however, it can not be observed with the Cambridge system at extreme hour angles because the coudé beam of the 36-inch reflector travels up the polar axis and the Coravel occupies the space to the north of the telescope, obstructing the view of the sky below the North Celestial Pole.
In almost all observations the velocities of both components have been found, usually but not invariably from a single trace that includes both 'dips', but the dip given by the secondary is extremely weak and often challenges the limits of what one can attempt to measure with the Coravel, cf. Fig 1. Even the dip that represents the primary is weak. It is obvious not only from the character of the radial-velocity traces but also from the absolute magnitude and from the colour index of the system (remarked upon in the Introduction above) that the integrated spectral type must be a great deal earlier than the G0 given in the Henry Draper cycles per day (period 0.1178 days). That discovery led to a collaboration that has resulted in a paper that is much more substantial and informative than the original one.
We have been able to apply to the radial-velocity data a program intended for the solution of orbits of triple stellar systems, to solve simultaneously for the elements of the binary orbit and for the pulsation of the primary star. In doing so, we have necessarily treated the pulsational velocity curve as if it could be represented by a Keplerian orbit, but within the uncertainties of its determination that has proved to be a fully acceptable approximation. Much of the excess 'noise' that at first existed in the radial velocities of the primary star has disappeared as a result of the identification of the 0.1178-day period; the remaining r.m.s. residual is only 0.70 km s −1 . Even so, there is evidence (the presentation of which is deferred to the Discussion section below) that the pulsation is not strictly repetitive, so it is likely that its complete characterization would allow a modest further reduction in the primary star's radial-velocity residuals.
Here, the principal concern is with the primary-secondary orbit, which is plotted in Fig. 2 . The velocities that are plotted there for the primary star are not the directly observed values but have been corrected for the respective computed pulsational contributions. Those contributions are explicitly listed in the seventh column of Table I ; the previous column tabulates the pulsational phase. To obtain near-equality of the weighted variances of the velocities of the two components, it has been necessary to attribute to the secondary's velocities a weight of only 1 / 25 . Table II presents the orbital elements of the binary system, and the characteristics of the short-period oscillation of the primary star in terms of the equivalent Keplerian elements. +2.23 ± 0.11
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Although slightly fainter and of nominally the same spectral type, HDE 284195 is an altogether easier object to observe (and to discuss!) than HD 152028. Fig. 3 gives an example of a radial-velocity trace,
showing two dips that, while not of very generous depth, readily give velocities whose characteristic accuracy is better than 1 km s −1 . The Cambridge observations did not start until 2002 September, so all of the 44 measurements that are listed in Table III 
The radial velocities of the two stars that constitute HD 284195 are computed to differ by nearly 33 km s −1 at the conjunctions, so it would be quite possible (and interesting) to watch the signature of the eclipsing component grow at the expense of that of the eclipsed one at such times, as was in fact done in the case (described in Paper 160 11 ) of HD 44192. In the present case, however, the object was inaccessible to observations at the relevant phases; moreover, it has been concluded 14 , after a sober assessment of the scientific value of such observations, that they do little more than serve as an inefficient substitute for photometry, so no excuse is really warranted for their absence. Primary eclipses (those in which the secondary star obscures the primary, at phase .241) will be favourably presented for observers near the longitude (0 
Discussion -HD 152028
In All the evidence points towards a spectral type much earlier than the HD class of G0 for HD 152028.
There is the colour index of 1,3 about 0 m .37, the trigonometrically-derived 1 absolute magnitude of about +1 m .4, the minimum masses of 1.78 and 1.42 M ⊙ found from the orbital elements above, and finally the assignment 3 of part of the photometric variations to δ Scuti pulsations, which do not occur in G-type stars.
On the basis of actual masses that are scarcely greater than the minimum ones, which must be the case since the fact that the system exhibits eclipses demonstrates that sin i ∼ 1, one could expect main-sequence types of about A9 and F3. Confusingly, however, Dallaporta et al . 3 found that there is no perceptible change of (B − V ) colour index during either of the eclipses: the implication is that the components have identical colour indices despite their very unequal masses.
It is the primary that Dallaporta et al . found to be the pulsating star, since the 'photometric noise' that they attributed to pulsations was considerably reduced when that star was in eclipse. The light-curves at both eclipses appear to have rather flat minima, as if they represented a total eclipse and a transit, but in both cases the relatively flat part at the bottom of the minimum is not truly horizontal but slopes down towards egress, so the flat-bottomed appearance may be a misleading effect of noise. Since the components seem to have identical colour indices they can be supposed also to have identical surface brightnesses. In that case the 0 m .36 depths of both eclipses tell us that at each eclipse there is a loss of 28% of the total of the stars' visible surface areas. That would agree with the idea of the eclipses being total, with the stars having relative surface areas, and therefore luminosities, in the ratio 72 to 28, very close to one stellar magnitude.
Their actual absolute V magnitudes would need to be +1 m .8 and + 2 m .8 to constitute the +1 m .4 found by
Hipparcos for the system as a whole. determined from eclipsing binaries, so we can view it with some equanimity. Neither the radius nor the colour of the primary star is appropriate to a main-sequence star of its mass, but we might best regard that star not as an anomalous object but as a somewhat evolved one, having begun its evolution towards the giant branch in the H-R diagram by moving towards the right from an initial position corresponding to a main-sequence type of about A9. Its present type might be estimated at F2 III-IV.
We turn now to the evidence for pulsational instability of the primary star. Dallaporta et al . 3 were able to reduce the initially apparent 'photometric noise' by demonstrating in it a periodicity, which they attributed to δ Scuti variability, of a fraction of a day. Similarly, through the identification of a quite similar period in the radial velocities, a major reduction has been effected in what initially appeared to be 'radial-velocity noise'.
There is an obvious embarrassment over the question of the pulsational period because, whereas the photometrists have identified a period of 0.1136701 days (curiously enough stated to seven significant figures but attributed an uncertainty of as much as 0.0003 days), the period that suits the radial velocities is 0.1177753 days with an uncertainty of only half a millionth of a day or some 40 milliseconds. We attribute the discrepancy to an error in the photometric period, which was established from measurements that were all taken within the same small range of orbital phases and therefore at epochs differing by multiples of 9.974 days.
During one orbital period the number of pulsational periods according to the photometric value is 87.677, while according to the radial-velocity value it is 84.676. It may well be supposed that the photometric period could not be determined within one night to a precision sufficient to permit an unambiguous cycle count to be made to an epoch 10 days away (the actual intervals between the four nights utilized by Dallaporta et al . 3 in their pulsational analysis were 40, 50, and 10 days), and they made an error of three cycles per orbital period.
If they had not seemingly arbitrarily restricted themselves to photometry made on one particular night of the orbital cycle they would have picked up the mistake. We can demonstrate the merit of the radial-velocity period photometrically from the Hipparcos data: in Fig. 6 they are plotted on the photometric period and in Fig. 7 on the radial-velocity one. Only in Fig. 7 do the data show a systematic run with phase. It should be noted that the phasing of the photometric wave demonstrated in Fig. 7 is not secure: in the ∼4000 days or 35,000 photometric periods since the Hipparcos epoch the 1-σ uncertainty in the period multiplies up to an interval of 0.017 days or 0.14 pulsational periods.
The short-period radial-velocity variation was established from observations that were made on different nights and therefore in cycles far removed from one another. The observed variation must be slightly blurred because the radial-velocity integrations typically lasted nearly half an hour or 0.02 days, about one-sixth of the pulsational period. There seemed to be possible merit in observing the pulsation in 'real time', and by ignoring the secondary component of the binary system the integration times could be somewhat curtailed without loss of precision in the velocities of the primary. To that intent HD 152028 was observed continuously in a dedicated four-hour interval on the night of 2003 April 17/18. Only the region of velocity space that included the primary dip was scanned, in a series of fifteen 960-second integrations starting at 1017-second intervals, the latter being one-tenth of the period. The results are listed in Table IV . In Figs. 8 and 9 the observed radial velocities are plotted against pulsational phase after the large contribution from the computed orbital velocity variation has been removed; the points corresponding to the observations listed in Table I and in Table IV are distinguished from one another by the use of different plotting symbols. In Fig. 8 the velocity curve is that derived from the observations in Table I alone and corresponds to the pulsational elements given in Table II . It is seen that the Table IV velocities do not fit it very well: they suggest a curve of considerably larger amplitude and possibly slightly shifted phase. The difference in amplitudes is much greater than could be explained by the somewhat sharper time-resolution of the new measurements. The curve in Fig. 9 is drawn to suit principally the Table IV points, although the others had to be retained in the solution at some level (they were given a weight of 1 / 50 ), because they are necessary for the derivation of the orbital velocity curve which must be known before the pulsational contribution to the velocities can be isolated. The r.m.s. residual of the Table IV points This exercise tends to show that the pulsation responsible for the photometric and radial-velocity oscillations, while maintaining clockwork regularity in phase over an interval of years, does not maintain its form very exactly. A tentative conclusion, suggested by analogy with other examples of pulsating stars, might be that there are additional periodicities with periods rather similar to the principal one, producing a beat phenomenon that is manifested in the apparent discrepancy between the velocity curves seen in Figs. 8 and 9. It seems fairest to adopt -as has been done in Table II and is illustrated in Fig 8 - the curve that is assembled from observations made in random and well separated cycles, as being more representative of the general behaviour of the star than the curve determined at a single epoch from the observations listed in Table IV and plotted in Fig. 9 .
It is possible to use the relationship between period, luminosity, mass, and temperature (e.g. ref.
17, Equation 2 ) to obtain the bolometric magnitude of HD 152028 A as a function of the pulsation constant Q.
We derive:
where we have assumed a bolometric correction of 0 m .11. All the quantities that needed to be entered into the period-luminosity relationship to obtain the above result are very well constrained. If the period of 0.117775 days that we have detected represents the fundamental radial mode, for which the corresponding value of Q is 17 0.033 days, we obtain M V = +1 m .85, in full agreement with the value obtained above from the Hipparcos photometry and the eclipse depth.
The difficulty of measuring the radial velocity of the secondary star has seemed not to be the same on different occasions, as if the secondary too were of varying character, and certainly many of the residuals from the computed velocity curve are appalling and without precedent in this work. There is no clear periodicity in the residuals; although a period analysis seems to indicate a possible period close to 0.4 days we would not
give much for its reality. If the seeming variations and residuals stem simply from observational difficulties and errors resulting from the marginal observability of that star they are regretted, but the possibility is not absolutely ruled out. We note that the position of the star in the H-R diagram is within the area populated by γ Doradus variables, which have periods in the range 0.4-3 days.
In the absence of adequate experience concerning stars such as those involved in HD 152028, no reliable deductions can be made from the observed strengths of the dips seen in radial-velocity traces. The widths of those dips may nevertheless be significant. The widths found from radial-velocity traces of the secondary star are so uncertain and scatter so widely that it would be unwise to try to make any deduction from them. The mean value for the primary, however, is quite accurately established; if interpreted purely as the effect of stellar rotation, it yields a v sin i of 14 km s −1 . In view of the very high inclination that we know to characterize the orbit and that can reasonably be expected to apply also to the rotational axis, the same figure could be taken to represent the actual equatorial velocity. If we further assume the rotation to be pseudo-synchronized 18 with the orbital revolution, the rotation period is 9.6 days and a stellar radius of 2.6 R ⊙ is derived. It could be argued that the stellar pulsation may broaden the line profile and falsify the v sin i value derived from it, so 2.6 R ⊙ must represent a maximum value. The pulsational amplitude is, however, small compared with the apparent rotational velocity, so its contribution to the line-width is probably minimal. Moreover, the similarity of the derived radius to the one found from the length of the eclipse chord -a minimum value that seems difficult to refute -encourages a belief that the various considerations are converging towards a realistic model of the system, one that harmonizes, moreover, with the trigonometrical parallax.
Discussion -HDE 284195
HDE 284195 seems to be a much more straightforward double-lined binary system than HD 152028. The disparity in equivalent widths of the two dips seen in radial-velocity traces (cf. Fig. 3 The open diamonds indicate 'single-lined' measurements, where the velocities of the components were so similar to one another that they could not be assigned separately; they were not used in the solution of the orbit. The measurements of the primary star have been corrected for the pulsational radial-velocity variations on the basis of the averaged pulsational 'elements' listed in Table II . The open diamonds indicate 'single-lined' measurements, which were not taken into account in the solution of the orbit.
FIG. 5
The Hipparcos photometry of HD 152028, phased to the true orbital period of 9.9742 days.
FIG. 6
The Hipparcos photometry of HD 152028, phased to the pulsational period given by Dallaporta et al. 3 .
FIG. 7
The Hipparcos photometry of HD 152028, phased to the pulsational period found in the radial velocities of the primary star. The fact that the photometry shows a clear variation with phase in this diagram (and not in Fig. 6 ) provides convincing evidence that this period is the correct one. The outlying low points (there are others that fall below the bottom of the diagram) are explained by the eclipses in the system. There would be obvious advantage in 'cleaning' the photometry of the pulsational variation documented by this
Figure before using it in any discussion of the eclipse light-curves.
FIG. 8
The pulsational radial-velocity curve of the primary star in HD 152028, established from the observations given in Table I (plotted here as filled squares) by a simultaneous solution of the orbital and pulsational variations. The 'elements' of the latter, specified as if they were Keplerian orbital elements, are included in Table II . The open star symbols represent radial-velocity observations made in a continuous run covering 1 1 / 2 cycles of the pulsation on the night of 2003 April 17/18. They were not utilized at all in the solution of the orbital and pulsational elements; they are seen to confirm the variation in a general way, but to exhibit a distinctly greater amplitude.
FIG. 9
As Fig. 8 , but this time the starred observations were given by far the greatest weight in the calculation of the orbital and pulsational elements. To assist the eye to appreciate which points the computed velocity curve is trying to match, the filled or open characters of the plotted points have been reversed in comparison with Fig. 8 . The larger-than-average amplitude of the pulsation on the night when the 'star' points were observed is obvious. 
